This paper proposes an early detection system to identify inter-winding faults in induction motors using the Support Vector Machine (SVM) in Motor Current Signature Analysis (MCSA) technique. Electric current signals from fault occurrence in induction motor were first recorded followed by signal analysis. Recorded signals were then extracted by using wavelet and Principal Component Analysis (PCA) algorithm. The extracted signals were then analyzed in time base and frequency base domains that were later transformed into a set of features using statistic calculations. The SVM in MCSA was also used to classify faults. Based on laboratory test results, the proposed early fault detection system is able to reliably identify faults in particular those that are caused by inter-winding shorts.
Introduction
Induction motors are the work horse of industry. Their fault occurrence must therefore be minimized as much as possible to avoid disrupting production. Many researchers have conducted research to detect the faults in induction motor. One particular method that has become an interesting research topic is the Motor Current Signature Analysis (MCSA).
MCSA is the method to diagnose faults in induction motors to ensure the durability of the electrical drive in industrial process [1] . MCSA may be implemented in time base and frequency base. With this method, electric current of induction motor is measured as information that requires further analysis to obtain the state of healthiness of electric motor [2] . For example, a previous research has proposed the implementation of MCSA to detect faults in induction motor by using power spectral density and fast Fourier transform. Both of these method act as input to a Multilayer Perceptron Neural Network Classifier [3] . Motor Current Signature Analysis (MCSA) has also been used to detect electrical faults in electric motors by using wavelet [4] , to indicate defect in the rotor shaft by using Discrete Fourier Transform [5] [6] , to perform electrical short circuit in the stator windings [7] and air gap eccentricity [8] . Several previous research demonstrate the use of intelligent systems to detect the fault in the induction motor, namely Artificial Neural Network (ANN) [9] , Support Vector Machine (SVM) [10] , [11] , and Kalman Filter [12] .
In this paper, a frequency-variation based identification of electrical fault in three-phase induction motor that is caused by short circuit between windings is presented. There are several harmful effects of having faults in induction motors. First, the fault produces an imbalance in the three-phase voltage leads. This in turn will raise the temperature of the motor and consequently will reduce the age of the motor [13] . Secondly, interwinding short circuit also leads to electrical fault which occurs when there is a defect or damage in coil insulation. The inter-winding short circuit yields temperature rise around the stator windings [14] . Inter-winding short circuit in induction motors could be monitored by analyzing winding current signal. When compared with normal conditions, the short circuit between windings will indicate an increase in the magnitude or amplitude of the current. This improvement becomes even greater if the number of the short circuit windings increases. This increase is due to the reduction of the resistance and inductance of winding short circuit [15] . Finally short circuit also leads to power loss which increases proportionally with the load [14] .
Variable Frequency Drives (VFD) or Adjustable Speed Drives (ASD) is the most common equipment to control the speed of three-phase induction motor. ASD allows the operation of induction motor that has a speed that fits variable load requirement while offering energy saving. ASD utilizes an inverter circuit. Inverter is a power electronic circuit that converts direct current (DC) to alternating current (AC). The direct current (dc power) is typically supplied by a rectifier whose input is the alternating current (ac power). Placement of capacitor or reactor between the rectifier and inverter provides the properties of the rectifier either as a voltage source or a current source. Despite its benefits, the use of inverter generates harmonics which translates to high-frequency noise [16] . The presence of this noise will corrupt any small signals such as control signals which may exist around or inside the inverter. To reduce this noise, some type of harmonic filtering is typically used. The ability to change frequency in inverter allows for a change in voltage such that the speed of induction motor may be varied. However, the affect of changing the frequency extends beyond the motor speed. For example referring to NEMA, if the frequency applied is lower than the motor's nameplate rating, the motor speed decreases while the rotor torque rises and the input power factor to the motor decreases. As previously mentioned, following a change in the applied frequency to the motor, stator voltage will also change. If the voltage is increased or decreased by 10% of off the nameplate rating of the motor, then an increase in the temperature at normal load will occur. Motors with a full load plus a voltage increase of 10% from the rated value leads to a decrease on the motor's input power factor. Finally, a voltage drop of 10% from the rated value leads to an increase of the input power factor [17] .
This paper discusses the identification of faults inside induction motor including inter-winding short circuit fault due to the variation of the applied frequency. This paper also describes fault that is caused by the frequency change due to the use of inverter for controlling motor speed. An early detection system to detect electrical faults in three phase induction motor will be explained. The detection system implements what have been known as the Support Vector Machine (SVM) with One-Against-One (O-A-O) technique. This method as described later has been used to classify multiple electrical faults in the induction at the same time. Five required steps as described later must be performed including noise filtering, feature calculation, feature extraction and classification.
Laboratory Setup
A laboratory experiment was performed to generate faults caused by changing the applied frequency and short-circuit between stator winding in induction motor. A three-phase induction motor with nominal voltage rating of 380 Vrms, and rated speed of 1320 rpm was used in the experiment. The input currents were measured by using an oscilloscope which are then processed in a fault identification system. Within the identification system, several functional blocks were put in place. Figure 1 illustrates the block diagram of the laboratory setup.
Six different scenarios of faults were selected and implemented in the experiment. These consist of faults caused by varying frequencies at 50 Hz, 40 Hz, and 30 Hz consecutively, and faults caused by inter-winding short circuits in each of the three phases. These scenarios were selected primarily to represent practical conditions of faults in induction motors, especially those coming from inter-winding shorts.
Filtering Function
To apply the changing frequency into the motor, an inverter was connected to feed the power to the motor. However as previously discussed, inverter is a source of harmonics or high frequency noise. As such these harmonics may cause recorded current date to be distorted which further affects the performance of the identification system. Therefore, these harmonics must be removed to improve the accuracy of the identification process. In Figure 1 , the filtering function is denoted as the "Denoising" block. 
Feature Calculation
The feature calculation block has the objective of performing capacitors for two types of data, namely time base data and frequency base data. The time base data have four detail coefficient values that were filtered and calculated based on statistical equations. For time base data, the detail coefficient value is converted to frequency domain data by using Fast Fourier Transform method (FFT). Table 1 shows the complete list of statistically calculated parameters used for each phase provided by the feature calculation block. Note that all 20 parameters are being used for the frequency based data while parameters 1 through 17 are being used for the time based data. Hence the total feature parameters used is 37. This means for the 6 fault conditions in each phase with the 20 parameter measurements, the total number of data that have to be calculated is 6*20*37 = 4440 data will have to be calculated for each phase. 
Feature Extraction
Within the feature extraction block, the results from the previous block are being extracted by using the PCA technique. For the two types of signals mentioned before altogether there are a total of 37 features. Since there are six fault conditions with each of which has 20 parameters as shown in Table 1 ; hence, for the three phases we will end up with a matrix with a dimension of 37 x (6*20*3) = 37 x 360. The results of feature extraction are illustrated in a scatter plot diagram of Figure 3 . 
Classification
The classification block is the final block in the fault detection system. Its goal is to establish accurate identification of motor faults. As mentioned, six conditions of faults are identified by the SVM. The types of faults are normal signal at 50Hz, signal with frequency 40 Hz and 30 Hz, and signals with inter-winding short circuits in phases R, S, and T. Table 2 shows the results of the classification block. The table shows how each of the six faults is being identified by the fault detection system with its corresponding strength of identification which corresponds to the percentage of actual faults being detected. The overall average strength of identification of the proposed system is 83.33%. From Table 2 we can also see that 4 types of faults were identified perfectly with strength of identification of 100%. However, there is one fault namely the 30 Hz fault that receives a very low strength of identification (29%). This is probably due to the harmonic rich relatively low frequency voltages and currents which further causes erroneous signals measurements as captured by the oscilloscope. This in turn makes it difficult for the SVM to recognize the fault.
Overall, the results demonstrate that the proposed fault detection system works well in identifying phase faults as well as faults caused by frequency adjustment at frequencies close to 60 Hz. Hence, by implementing the proposed system identification, loss reduction of loss caused by motor damage due to undetected faults can be prevented. 
Conclusion
Induction motor faults, especially the inter-winding short circuit fault cause detrimental effects to the operation of the motors despite the fact that the motor may still run normally under short circuit condition. With fault detection method such the one presented in this paper, early detection and identification of the faults could be performed. The proposed detection method explained in this paper implements the SVM based MCSA method. Initial test results using laboratory experiment have demonstrated that that proposed method is capable of successfully detecting inter-winding faults with less identification rate for frequency changing type of faults.
Further work is currently on-going to improve the algorithm to detect faults with lower frequency signals. In addition, the proposed system should implement embedded system to improve its performance.
